The dicistrovirus intergenic region internal ribosome entry site (IRES) utilizes a unique mechanism, involving P-site tRNA mimicry, to directly assemble 80S ribosomes and initiate translation at a specific non-AUG codon in the ribosomal A site. A subgroup of dicistrovirus genomes contains an additional stem-loop 5′-adjacent to the IRES and a short open reading frame (ORFx) that overlaps the viral structural polyprotein ORF (ORF2) in the þ1 reading frame. Using mass spectrometry and extensive mutagenesis, we show that, besides directing ORF2 translation, the Israeli acute paralysis dicistrovirus IRES also directs ORFx translation. The latter is mediated by a U∶G base pair adjacent to the P-site tRNA-mimicking domain. An ORFx peptide was detected in virus-infected honey bees by multiple reaction monitoring mass spectrometry. Finally, the 5′ stem-loop increases IRES activity and may couple translation of the two major ORFs of the virus. This study reveals a novel viral strategy in which a tRNA-like IRES directs precise, initiator MettRNA-independent translation of two overlapping ORFs. Translation of each ORF is directed by distinct internal ribosome entry site (IRES) mechanisms (2). Members of the family Dicistroviridae include cricket paralysis virus (CrPV), Taura syndrome virus (TSV), Plautia stali intestine virus, and Drosophila C virus. Within this family, the honey bee viruses acute bee paralysis virus (ABPV), Israeli acute paralysis virus (IAPV), and Kashmir bee virus (KBV) and the fire ant virus Solenopsis invicta virus (SINV-1) form a tight clade. Interestingly, IAPV has been associated with colony collapse disorder (3). Uniquely, the IGR IRES can directly assemble 80S ribosomes and direct translation initiation at a non-AUG codon from the ribosomal A site without the aid of initiation factors or initiator Met-tRNA i (2, 4-9). The IGR IRES achieves this function by folding into a structure containing three overlapping pseudoknots: PKI, PKII, and PKIII (Fig. 1 ). PKII and PKIII form one domain that folds into a compact core that is responsible for ribosome binding (5, (9) (10) (11) (12) . PKI mimics a tRNA anticodon stem-loop and P-site codon:anticodon duplex (11, 13, 14) . This structure occupies the P site and sets the ribosome into the elongation phase in a specific reading frame, determined by the non-AUG codon in the A site (4, 6) . This mechanism likely provides a selective advantage by allowing translation of the viral structural proteins during virus infection when host translation is shut off (2, 15) .
D
icistroviruses possess a positive-sense, monopartite singlestranded RNA genome that encodes nonstructural and structural polyproteins within two open reading frames (ORF1 and ORF2) that are separated by an intergenic region (IGR) (1) . Translation of each ORF is directed by distinct internal ribosome entry site (IRES) mechanisms (2) . Members of the family Dicistroviridae include cricket paralysis virus (CrPV), Taura syndrome virus (TSV), Plautia stali intestine virus, and Drosophila C virus. Within this family, the honey bee viruses acute bee paralysis virus (ABPV), Israeli acute paralysis virus (IAPV), and Kashmir bee virus (KBV) and the fire ant virus Solenopsis invicta virus (SINV-1) form a tight clade. Interestingly, IAPV has been associated with colony collapse disorder (3) . Uniquely, the IGR IRES can directly assemble 80S ribosomes and direct translation initiation at a non-AUG codon from the ribosomal A site without the aid of initiation factors or initiator Met-tRNA i (2, (4) (5) (6) (7) (8) (9) . The IGR IRES achieves this function by folding into a structure containing three overlapping pseudoknots: PKI, PKII, and PKIII ( Fig. 1 ). PKII and PKIII form one domain that folds into a compact core that is responsible for ribosome binding (5, (9) (10) (11) (12) . PKI mimics a tRNA anticodon stem-loop and P-site codon:anticodon duplex (11, 13, 14) . This structure occupies the P site and sets the ribosome into the elongation phase in a specific reading frame, determined by the non-AUG codon in the A site (4, 6) . This mechanism likely provides a selective advantage by allowing translation of the viral structural proteins during virus infection when host translation is shut off (2, 15) .
Phylogenetic analysis has revealed that dicistrovirus IGR IRESs can be grouped into two types (16, 17) . The CrPV IRES typifies the type I IGR IRES, and the TSV, SINV-1, and honey bee paralysis virus IRESs exemplify the type II IGR IRES. The main difference is that type II IRESs contain a longer L1.1 region and an extra stem loop (SLIII) within the PKI domain (Fig. 1 ). We and others have shown that the L1.1 region is responsible for 80S assembly on the type I and II IGR IRESs (11, 18) . The role of SLIII is not clear but appears to be involved in ribosome positioning and binding (12, 19, 20) . We have shown that the PKII/PKIII and PKI domains of type I and II IRESs are functionally interchangeable, which suggests that the IGR IRESs are modular (20) . In general, both type I and II IRESs recruit ribosomes directly and set the ribosome within a specific reading frame, initiating at a non-AUG codon (12, (18) (19) (20) (21) (22) .
Recently, we and others reported bioinformatic evidence for a hidden overlapping gene, called ORFx, located just downstream of the IGR IRES within a subset of dicistroviruses including the honey bee paralysis viruses and SINV-1 (23, 24) (Fig. 1) . Conserved tandem AUG codons, which provide one potential initiation site for ORFx translation, are located approximately 100 nucleotides downstream of the PKI domain (Fig. 1) . Moreover, a 14-18 bp stem-loop structure (SLVI) 5′-adjacent to the IGR IRES was found specifically in the honey bee viruses (23) . In these viruses, the ORF1 stop codon is positioned within SLVI (Fig. 1) . By using IAPV as a model, this study probes the role of these features and their relationship to IAPV IGR IRESmediated translation.
Results
To determine the role of the 5'-adjacent stem-loop and ORFx of the IAPV IGR, dicistronic reporter constructs were engineered to contain different versions of the IGR IAPV IRES [ Fig. 2A , constructs (i)-(vi)]. The upstream renilla (RLuc) and downstream firefly (FLuc) luciferase genes monitor scanning-and IRES-dependent translation, respectively. Specifically, reporter constructs contained either the IRES alone, the IRES with the upstream SLVI positioned downstream of the RLuc stop codon, or the IRES with SLVI positioned such that the UAA stop codon of ORF1 is fused in frame with the RLuc ORF and serves as the stop codon for RLuc translation [ Fig. 2A , constructs (i)-(iii)]. In these constructs, the FLuc ORF is fused in frame with the first three codons of ORF2 so that ORFx is not present. Additional constructs were designed in which the FLuc ORF is fused in frame with a longer region of the IAPV ORF2 (nucleotides 6618-6908), which contains the overlapping þ1 frame ORFx [ Fig. 2A , constructs (iv)-(vi)].
Translational activities were monitored by incubating dicistronic constructs in insect Sf21 extracts in the presence of [ 35 S]-methionine, and the resulting protein products were detected by SDS-PAGE analysis. IRES activity was measured by calculating the expression of FLuc and RLuc individually as well as the ratio of FLuc/RLuc ( Fig. 2 C and D) . To compare translational activities between constructs, the number of methionines was taken into account in cases where the reporter gene lengths are different. As shown previously (20) , IAPV IGR IRES translation was significantly weaker compared to that of the CrPV IGR IRES, and, as expected, an empty construct did not produce IRES activity (Fig. 2B, compare lanes 1, 2, and 5) . Insertion of SLVI did not significantly affect IRES activity (Fig. 2B, (Fig. 2B, lanes 6-8) . Interestingly, in these constructs, the presence of SLVI had an approximately twofold stimulatory effect on IRES activity (Fig. 2 B, lanes 6-8, and C) . Similarly, when compared to constructs that contained only SLVI and the IAPV IGR IRES [Fig. 2B , lanes 3 and 4, constructs (ii) and (iii)], the addition of the ORF2 (6618-6908) region increased IRES translation by approximately 2.5-to 5-fold (Fig. 2B , compare lanes 3 and 6 and lanes 4 and 7), which is similar to previous reports that sequences downstream of the IGR IRES contribute to IRES activity (7, 25) . In contrast, the presence of the ORF2 (6618-6908) region did not stimulate IRES translation in constructs containing the IGR IRES but not SLVI [Fig. 2B , compare lanes 5 and 8, constructs (iii) and (vi)]. Importantly, Northern blotting showed similar levels of reporter RNAs in each reaction, which indicates that the differences in reporter gene expression are due to differences in translation (Fig. 2B) . Thus, these results demonstrate that the presence of both SLVI and a part of ORF2 act synergistically to stimulate IAPV IGR IRES translation in a context-dependent manner.
The UAA stop codon of ORF1 is located within the loop of SLVI (Fig. 1) . We next investigated whether fusing the UAA of SLVI in frame with RLuc affects translation of either the upstream RLuc or the downstream FLuc. We compared the translation of scanning-dependent RLuc and IRES-dependent FLuc in constructs where SLVI is inserted in the IGR [construct (v), +SLVI] or where the UAA of SLVI is fused in frame with RLuc [construct (iv), +SLVI fused]. Both RLuc and FLuc expression were consistently lower by approximately 35% when the UAA of SLVI is fused in frame with RLuc than when SLVI is within the intergenic region ( Fig. 2 B, compare lanes 6 and 7, and D). These results indicate that translation of the upstream ORF may affect translation of the downstream ORF when the UAA stop codon of SLVI is fused in frame with the upstream ORF.
Interestingly, reporter constructs that contain the ORF2 (6618-6908) region also produced an approximately 12-kDa protein (Fig. 2B, lanes 6-8) . To determine whether this protein is an ORFx product, we performed a Western blot analysis by using an antibody that was raised against a peptide encoded within the predicted ORFx. The ORFx antibody reacted with the approximately 12-kDa protein specifically in those reactions that had reporter constructs containing the ORF2 region (Fig. 2B , compare lanes 3-5 and 6-8). Similar to the expression observed for the 0 frame ORF2-FLuc, the presence of SLVI within the intergenic region of the dicistronic construct increased ORFx translation by approximately 2.5-fold (Fig. 2B , compare lanes 7 and 8, and D). Furthermore, fusing the UAA codon of SLVI in frame with RLuc decreased ORFx translation by approximately 35%, similar to the reduction observed for the 0 frame ORF2-FLuc (Fig. 2D) . The presence of SLVI, regardless of whether the UAA is fused in frame with RLuc, did not, however, affect the ratio of ORFx/ORF2 translation (Fig. 2E) . In summary, insertion of SLVI with the IAPV IGR IRES within the intergenic region of the reporter constructs increased both 0 frame ORF2 and þ1 frame ORFx translation, but fusing the UAA stop codon of SLVI with the upstream RLuc decreased scanning-dependent RLuc, IRES-dependent 0 frame FLuc, and ORFx translation.
To further confirm that ORFx is expressed, mutations within ORF2 were made such that ORFx is fused in frame with FLuc to produce an ORFx-FLuc fusion protein [ Fig. 3A, construct (vii) ]. Specifically, we mutated the stop codon of ORFx and inserted an extra G nucleotide at position 6910 to shift FLuc into the ORFx IAPV IGR IRES showing pseudoknots PKI,  PKII, and PKIII, stem loops SLIII, SLIV, SLV, and SLVI (shaded gray) , and loop L1.1. The UAA stop codon of ORF1 is shown in bold within the loop of SLVI. The overlapping þ1 frame ORFx, within ORF2, is shown. Tandem ORFx-frame AUG codons, 103 nucleotides downstream from the IGR IRES, are indicated and, if utilized as the initiation site for ORFx translation, would lead to a 7.1-kDa protein. If, on the other hand, ORFx translation initiates at or near the IGR IRES, then an 11.1-kDa protein is expected. AUG 6592-4 (boxed) is an alternative potential initiation site for þ1 frame ORFx. G 6594 A tests whether the AUG 6592-4 codon is used for ORFx translation. Conserved nucleotides among type II IGR IRESs are in capital letters. The CCU triplet mediates PKI base pairing and occupies the P site, whereas the first codon of the 0 frame ORF2 is the 3′-adjacent GGC codon in the A site. frame (Fig. 3A , nucleotides shown in red). In doing so, a smaller truncated 0 frame ORF2 (sORF2) is created. Thus both 0 and þ1 frame translation products can be simultaneously monitored by SDS-PAGE. Incubating construct (vii) in Sf21 extracts produced the þ1 frame ORFx-FLuc and 0 frame truncated sORF2 proteins (Fig. 3C, lane 1) . We note that the sORF2 protein (approximately 20 kDa) migrates more slowly than expected from the predicted molecular mass (approximately 13.8 kDa). Small proteins often migrate at unusual positions, depending on their amino acid composition. However, from results below, we are confident that the product migrating at approximately 20 kDa represents 0 frame sORF2 translation mediated by the IGR IRES.
To address whether SLVI is important for IGR IRES translation, we created mutations on either the 5′ or the 3′ side of SLVI to disrupt the helical stem (Fig. 3B , mutants M1 and M2, nucleotide changes shown in blue). The SLVI 5′ mutations were designed to be silent with respect to the amino acid coding sequence up to the UAA stop codon. These mutations ensure that the effects observed are due to disruption of SLVI and not the amino acid sequence. The 3′ mutations were designed to complement the 5′ mutations. The SLVI mutants were inserted into the IGR of the dicistronic construct (viii), or such that the UAA stop codon of SLVI is fused in frame with the RLuc ORF [construct (vii)] (Fig. 3 A) . Disruption of the helical stem of SLVI on the 5′ side (M1) in both constructs (vii) and (viii) moderately inhibited IRES translation, whereas mutating the 3′ side (M2) inhibited 0 and þ1 frame translation significantly ( Fig. 3 C  and D) . Given that fusing the UAA stop codon of SLVI in frame with the RLuc ORF inhibited RLuc translation, it was surprising that mutating the helical stem did not significantly affect RLuc translation ( Fig. 3 C and D) . Because only every third nucleotide was mutated in mutants M1 and M2 and, further, because of the desire to maintain the encoded amino acid sequence some mutated sites could still form U∶G base pairings (Fig. 3B) , it is possible that the helical stem is still partly intact in these constructs. In contrast to M1 and M2 mutant SLVI, combining the mutations to restore the helical stem rescued 0 and þ1 frame translation ( Fig. 3 C and D, M1∕M2) . In summary, these data show that SLVI contributes to IAPV IRES translation.
From our reporter analysis, fusing the UAA stop codon of SLVI in frame with RLuc inhibited RLuc, ORFx, and ORF2 translation (Fig. 2D) . One possibility is that ribosomes translating the upstream RLuc may disrupt SLVI and thereby inhibit translation of the downstream 0 and þ1 frame ORFs. We reasoned that if translation of the upstream RLuc was abolished, this inhibition should increase IRES-mediated 0 and þ1 frame translation. To knock out translation of RLuc, we inserted a strong hairpin upstream of the RLuc ORF, which inhibits scanning ( Fig. S1A) (26) . As expected, insertion of the hairpin abolished scanning-dependent RLuc translation (Fig. S1 B and C) . In contrast, the addition of the hairpin resulted in a 40% increase in 0 and þ1 frame translation in construct (vii), in which the UAA of SLVI is fused in frame with RLuc, as compared to constructs where the hairpin is absent (Fig. S1 B and C) . When SLVI is inserted within the intergenic region of construct (viii), 0 and þ1 frame translation was not significantly affected by the insertion of Mechanism of ORFx Translation. We next addressed the mechanism by which ORFx is translated. We first asked whether ORFx translation is dependent on the IAPV IGR IRES. Disruption of PKI within dicistrovirus IGR IRESs abolishes IRES-dependent translation by inhibiting ribosome positioning on the IRES (2, 5, 8, 9) . As expected, disrupting the base pairing within the IAPV PKI by mutating GG 6564-5 CC or CC 6615-6 GG inhibited 0 frame translation ( Fig. 4 B, lanes 2 and 3, and C, lanes 2 and 3). Furthermore, disruption of PKI also inhibited þ1 frame ORFx expression. Compensatory mutations restoring the PKI base pairing partially rescued both 0 and þ1 frame translation, which indicates that þ1 frame ORFx translation is dependent on the integrity of the IAPV IGR IRES (Fig. 4B, lane 4) .
Previous sequence analysis provided several hypotheses for the mechanism of ORFx translation, including (i) a portion of ribosomes recruited to the IGR IRES somehow start scanning and initiate at one of a conserved pair of AUG codons (nucleotides 6721-6) 103 nucleotides downstream of the IAPV IGR IRES (Fig. 1); (ii) the IGR IRES places a portion of ribosomes directly into the þ1 reading frame at or near to the normal 0 frame IGR IRES initiation site; or (iii) IGR IRES initiation occurs only in the 0 frame, but a portion of ribosomes subsequently shift into the þ1 reading frame at some specific slippery site (23) . On the basis of the molecular mass of ORFx in reactions using our reporter constructs, we hypothesized that ORFx is initiated near the IAPV IGR IRES which would lead to an approximately 11.1-kDa ORFx protein.
To determine the initiation site of ORFx, stop codons were systematically introduced at different positions in the þ1 frame downstream of the IGR IRES (Fig. 4A) . Replacing the first, second, third, or 37th codon downstream from the IGR IRES with a UAG codon in the þ1 frame abolished ORFx expression (Fig. 4C , lanes 7-10). Importantly, introducing these stop codons in the þ1 frame did not significantly affect 0 frame IGR IRESmediated sORF2 translation (Fig. 4C , lanes 7-10). The migration differences of the 0 frame sORF2 products is likely due to amino acid changes from introducing stop codons in the þ1 frame. These results suggest that þ1 frame ORFx translation initiates either close to or upstream of the 0 frame IGR IRES initiation site.
To determine whether IGR IRES-mediated 0 frame translation is required for þ1 frame ORFx translation (e.g., if ORFx is translated by ribosomes frameshifting from the 0 frame), stop codons were introduced at different positions in the 0 frame (Fig. 4A ). As expected, insertion of UAG codons in the 0 frame in any of the positions downstream of the IGR IRES abolished 0 frame sORF2 translation (Fig. 4C , lanes 4-6). Insertion of a UAG codon as the second or third codon in the 0 frame did not significantly affect þ1 frame ORFx-FLuc translation, which suggests that þ1 frame ORFx translation is independent of IGR IRES-mediated 0 frame ORF2 translation. Western blotting of the reactions using an anti-FLuc antibody confirmed the specific expression of the þ1 frame ORFx-FLuc protein (Fig. 4C) . However, replacing the initial 0 frame codon, Gly GGC, with a UAG stop codon eliminated not only 0 frame translation but also þ1 frame ORFx-FLuc translation (Fig. 4C, lane 4) .
U 6562 can potentially base pair with G 6618 and perhaps set the ribosome into the þ1 frame to initiate from an Ala GCG 6619-21 triplet (Fig. 4A , bold nucleotides). To test this hypothesis, G 6618 was mutated to A, C, or U, and 0 and þ1 frame translational activities were monitored by using dicistronic constructs (viii). We predicted that mutant IRESs that allow base pairing between nucleotides 6618 and 6562 should result in þ1 frame ORFx translation. Mutating G 6618 to C or U abolished þ1 frame ORFx-FLuc expression, consistent with the idea that the U 6562 ∕G 6618 base pair directs translation in the þ1 frame (Fig. 4D , lanes 5 and 6). In contrast, mutating G 6618 to A, which is predicted to maintain a U 6562 ∕A 6618 base pair, retained þ1 frame ORFx-FLuc translation, albeit at a level lower than wild type (Fig. 4D, lane 4) . Mutants in which the base pairing was restored by compensatory mutations-U 6562 G∕G 6618 C, U 6562 G∕G 6618 U, and U 6562 A∕G 6618 U-again regained ORFx-FLuc expression (Fig. 4D , lanes 7-9), with once again a lower expression for the A∶U base pairing than for the G∶C or G∶U base pairings. Quantitation of þ1 and 0 frame translation is shown in Fig. 4E . In all cases, 0 frame expression was still detected in these mutant constructs. In confirmation of the expression of ORFx-FLuc, Western blotting using an anti-FLuc antibody detected the specific expression of the þ1 frame ORFx-FLuc protein (Fig. 4D) . Furthermore, Northern blotting confirmed that reporter RNAs were expressed similarly between experiments (Fig. 4D ). þ1 frame ORFx translation was 20% and 5% of the 0 frame translational activity in reporter constructs containing the wild-type and the G 6618 A mutant IAPV IGR IRESs, respectively (Fig. 4E) . In contrast, the U 6562 G∕G 6618 C mutations resulted in a large increase in the ORFx-FLuc/sORF2 ratio, which is likely due to a combination of higher þ1 frame ORFx and decreased 0 frame sORF2 translation as compared to the wild-type IRES (Fig. 4E , left graph). One possibility is that a strong G∶C base pairing between nucleotides 6562 and 6618 is responsible for the higher þ1 frame translation compared to that of the wild-type IRES where a weaker U∶G base pair exists. In summary, these results clearly demonstrate that base pairing between U 6562 and G 6618 directs þ1 frame ORFx translation.
ORFx Translation from a Full-Length IAPV cDNA. We next investigated whether ORFx can be expressed by using a full-length IAPV genome. We obtained a full-length IAPV cDNA and inserted an A at nucleotide 7348 to create a stop codon near the C terminus of VP2. From 5′ to 3′, the ORF2 encodes the VP2, VP4, VP3, and VP1 structural proteins that have predicted molecular masses of 35.5, 7.2, 33.4, and 23.8 kDa, respectively (27, 28) . Insertion of the stop codon allows detection of 0 frame (VP2) and þ1 frame (ORFx) translation without the effects of processing events of the ORF2 polyprotein. We incubated the full-length IAPV cDNA in Sf21 extracts in the presence of [ 35 S]-methionine. The fulllength IAPV cDNA produced two major proteins (approximately 34 and approximately 11 kDa) and one minor protein (24 kDa) in vitro (Fig. S2A, lane 2) . To determine whether these proteins are expressed from the upstream nonstructural ORF1 or downstream structural ORF2, we disrupted the base pairing within PKI (ΔPKI) to inhibit expression of the downstream structural proteins. Disruption of PKI abolished expression of all of the proteins, which suggests that they are encoded within ORF2/ORFx (Fig. S2A, lane 3) . Compensatory mutations that restore PKI rescued expression, which indicates that the expression of these proteins is IGR IRES-dependent (Fig. S2A, lanes 3 and 4) . Furthermore, replacing the glycine GGC start codon of ORF2 with a UAG stop codon eliminated expression of the proteins, confirming that these proteins are likely encoded downstream of the IGR IRES (Fig. S2A, lack of expression of the ORF1 proteins from the IAPV cDNA may be due to the weak 5′UTR IAPV IRES activity in this extract. The expression of an approximately 11-kDa radiolabeled protein may represent ORFx expression. Like VP2, the expression of the 11-kDa protein is dependent on the integrity of the IGR IRES (Fig. S2A, lanes 2-4) . Importantly, introduction of stop codons within the þ1 frame downstream of the IGR IRES abolished expression of the 11-kDa protein but not 0 frame VP2 production, which demonstrates that the 11-kDa protein corresponds to the ORFx product (Fig. S2A, lanes 8-10) . Furthermore, Western blotting using the anti-ORFx antibody confirmed the specific expression of ORFx (Fig. S2A) . Northern blotting confirmed the expression of a full-length IAPV RNA. In summary, by using the IAPV full-length cDNA, both 0 frame VP2 and þ1 frame ORFx proteins are expressed in Sf21 extracts.
The IAPV genome contains an AUG 6592-4 codon in the þ1 frame within the IGR IRES structure and tandem AUG codons at nucleotides 6721-26 (103 nt 3′ of the IGR IRES; Fig. 1 ). To check that ORFx initiation does not occur at these sites, we created mutations that substituted the AUG codons by mutating G 6594 A and AUGAUG 6721-26 to ACGACG. Neither mutation abrogated expression of the 0 frame VP2 or þ1 frame ORFx, which indicates that these AUG codons do not play a role in þ1 frame translation initiation (Fig. S2A, lanes 5 and 11) .
Our findings using dicistronic reporter constructs indicated that the U 6562 ∕G 6618 base pairing directs þ1 frame translation. To confirm these findings in the full-length IAPV cDNA, we created the same mutations and compensatory mutations at nucleotides 6562 and 6618. In summary, disruption of the base pairing between these two nucleotides eliminated, and compensatory mutations rescued, ORFx expression (Fig. S2 B and C) . As expected, these mutations did not abolish 0 frame VP2 translation. Furthermore, specific VP2 and ORFx expression was confirmed by Western blotting (Fig. S2B) . Similar to observations with the reporter constructs, a G∶C base pairing between nucleotides 6562 and 6618 directed higher þ1 frame ORFx translation compared to an A∶U base pairing or the wild-type U∶G base pairing (Fig. S2C) . Interestingly, the ratio of þ1 frame ORFx to 0 frame VP2 expression was higher (approximately 0.5) with the full-length IAPV genome compared to the reporter RNA (Fig. S2C) . One possibility is that sequences within the full-length IAPV genome missing from the dicistronic reporter RNA contribute to ORFx expression.
Our results showed that replacing the 0 frame GGC start codon with a UAG stop codon eliminated 0 and þ1 frame translation ( Fig. 4C and Fig. S3 ). To confirm that the loss of þ1 frame ORFx translation is due to disruption of the base pairing between nucleotides 6562 and 6618, we created a compensatory mutation that restores the base pairing with the 0 frame stop codon. As shown previously, replacing the GGC start codon with a UAG stop codon abolished 0 and þ1 frame translation (Fig. S3,  lane 5) . In contrast, mutating U 6562 G-which restores the G∶U base pairing between nucleotides 6562 and 6618-rescued þ1 frame but not 0 frame translation (Fig. S3, lane 6) . In summary, for both reporter constructs and the full-length IAPV genomic cDNA, ORFx is translated in vitro, and translation is mediated by base pairing between nucleotides 6562 and 6618 adjacent to the IGR IRES.
ORFx Translation Mediated by a Subset of Dicistroviruses. Other viruses in the subset of dicistroviruses that contain an overlapping ORFx, apart from IAPV, include ABPV, KBV, and SINV-1 (23, 24) . For these dicistroviruses, a predicted U∶G or C∶G base pairing adjacent to the IGR IRES PKI domain can potentially direct þ1 frame ORFx translation similar to that mediated by the IAPV IRES (Fig. 5A) . To test this hypothesis, we subcloned the ABPV, KBV, and SINV-1 IGRs, and part of the downstream ORF2, within the intergenic region of constructs (iv) (Fig. 5 ) and (vii) (Fig. S4) . The ABPV, KBV, and SINV-1 IGR IRESs directed 0 frame ORF2-FLuc translation (Fig. 5B and Fig. S4 ). The 0 frame translation mediated by the KBV IGR IRES was approximately twofold higher compared to the other IRESs. Furthermore, similar to the IAPV IGR IRES, the predicted þ1 frame ORFx product was detected from all IGR IRESs (Fig. 5B and  Fig. S4 ). Note that the migration of the ORFx protein in the SDS-PAGE correlated with the predicted molecular masses for ABPV, KBV, and SINV-1. Interestingly, ORFx is more highly expressed from the IAPV and SINV-1 IGR IRESs than from the ABPV and KBV IGR IRESs (Fig. 5C ). In summary, like IAPV, the KBV, ABPV, and SINV-1 IGR IRESs can direct ORFx translation in vitro. codon (Fig. 3A) . To further confirm this result, in vitro synthesized ORFx was subjected to in-gel digestion with endopeptidase ArgC (which cleaves specifically after arginines), and the resulting peptides were analyzed by liquid chromatography-tandem mass spectrometry. A peptide with the sequence AIHNKKAILP-TYTIR was detected, which corresponds to the predicted N terminus of ORFx on the basis of initiation at the GCG alanine codon (Fig. 6A ). This result confirms that the in vitro translated ORFx initiates at GCG 6619-21 , 3′-adjacent to the IGR IRES. We next examined whether ORFx is expressed in IAPVinfected honey bees by first obtaining and harvesting IAPV from infected honey bees. IAPV virions were injected into approximately 17-d-old honey bee pupae, and after 96 h, RNA and protein were extracted. By using virus-specific primers, RT-PCR analysis detected KBV, ABPV, and IAPV RNAs in virus-infected samples (Fig. 6B) , which thus indicates that the virus sample we obtained contained a mixed population of viruses. Western blotting analysis detected the expression of IAPV VP2 but not IAPV ORFx, which suggests that ORFx may be expressed in low abundance during virus infection or may have more rapid turnover than VP2. However, using a more sensitive and specific multiple reaction monitoring-MS analysis, we detected the expression of a peptide that is found in both IAPV and KBV ORFx, in virally infected bees at 6 and 24 h after injection (Fig. 6 C and D) . We monitored three different transitions, and the relative peak areas of those transitions in the infected samples were exactly the same as measured for the synthetic peptide. Importantly, no signal was seen in uninfected samples. These data demonstrate unequivocal evidence that ORFx is expressed during virus infection.
ORFx Translation when Specific Initiation Factors Are Compromised.
The IGR IRES can mediate translation under conditions in which cap-dependent translation is inhibited, in particular when specific initiation factors are compromised such as during endoplasmic reticulum stress (9, 29) . Because ORFx translation depends on the IGR IRES, we predicted that ORFx would still be translated when cap-dependent translation is inhibited. Thus, we examined whether ORFx translation occurs when eIF2 activity or the cap-binding complex eIF4F are inhibited (eIF2 interacts with and recruits initiator Met-tRNA i ; eIF4F is a complex that includes eIF4E and eIF4G). To inhibit these factors, we used two compounds discovered by Pelletier and colleagues: NSC119889, which inhibits eIF2 and Met-tRNA i interactions, and 4E1RCat, which binds to eIF4E and inhibits eIF4E and eIF4G interactions (30, 31) . We monitored cap-dependent, CrPV IRES-dependent or IAPV IGR IRES-dependent 0 and þ1 frame translation by incubating capped dicistronic reporter RNAs [construct (iv)] in Sf21 extract which was preincubated with increasing amounts of either NSC119889 or 4E1RCat. As shown previously, addition of NSC119889 or 4E1RCat resulted in a significant decrease in cap-dependent RLuc translation (>90% decrease at the highest concentration of compound) (30, 31) (Fig. 7) . In contrast, CrPV IGR IRES-mediated translation is relatively resistant to treatment with these compounds (Fig. 7A) . At 50 μM NSC119889, cap-dependent translation is inhibited by approximately 95%, whereas CrPV IGR IRES-mediated translation remained relatively active (approximately 75% compared to untreated) (Fig. 7A) . This result is similar to that observed in rabbit reticulocyte lysates (RRL) treated with NSC119889 (20) . Like the CrPV IGR IRES, IAPV IGR IRES-mediated 0 frame ORF2-FLuc and þ1 frame ORFx translation also remained relatively resistant to treatment with these compounds (Fig. 7 B and C) . Interestingly, 4E1RCat treatment stimulated CrPV IGR IRES-mediated and IAPV IGR IRES-mediated 0 and þ1 frame translation by approximately 1.5-to 2.5-fold ( Fig. 7 A and C) . In summary, like ORF2, ORFx can be efficiently translated when cap-dependent translation initiation is inhibited.
Discussion
The dicistrovirus IGR IRES has the remarkable ability to directly recruit ribosomes and set them into a specific reading frame through a tRNA-like anticodon-codon interaction occupying the ribosomal P site and making the ribosomal A site available for delivery of aminoacyl-tRNA. Here, we describe a mechanism used by a subset of dicistrovirus IGR IRESs that can selectively place ribosomes and initiate translation into either of two distinct open reading frames. The consequence of this mechanism is that, on top of initiating translation in the 0 frame to produce the viral ORF2-encoded structural proteins, an overlapping ORFx in the þ1 frame is also translated. Translation of ORFx is directed by a U∶G base pairing adjacent to the tRNA-like anticodon-codon interaction of the PKI domain. Several lines of evidence support this result: (i) Disruption of the PKI domain or the U 6562 ∕G 6618 base pairing abolishes ORFx translation, whereas compensatory mutations that restore base pairing rescues ORFx translation. The U∶G base pairing directs the ribosome to initiate translation at a þ1 frame GCG alanine codon occupying the ribosomal A site. troviruses strongly suggests a mechanism to direct translation of ORFx (23, 24) . The tRNA-like anticodon-codon interaction is apparent from structural studies of the PKI domain of the type I IGR IRES, and, although the structure of the type II IGR IRES has not yet been solved, it is presumed to be similar (12) (13) (14) 32) . In our in vitro assays, þ1 frame translation occurs 20% of the time as compared to 0 frame translation (Fig. 4E) . In general, disruption of þ1 frame translation variably affects 0 frame translation (Fig. 4E and Fig. S2 ), but there does not appear to be a strict correlation to suggest competition for ribosome site selection in the 0 or þ1 frame (i.e., the extra U∶G base pairing does not appear to occlude the 0 frame A site such that the A-site tRNA can be delivered only into the þ1 frame). However, mutations that disrupt þ1 frame translation also change the 0 frame initiation codon and thus make it difficult to interpret whether alterations in 0 frame translation are due to effects by disruption of þ1 frame translation or due to delivery of a different aminoacyl-tRNA to the ribosomal A site. Currently, it is not clear if two distinct conformations exist that direct 0 and þ1 frame translation or if initiation of 0 and þ1 frame translation relies on the same tRNAlike structure of the PKI domain and that the extra U∶G base pairing directs þ1 frame translation. Consistent with the latter hypothesis is that, similar to 0 frame translation, þ1 frame translation requires base pairing of the PKI region ( Fig. 4B and Fig. S2 ). This scenario is reminiscent of the base pairing that has been postulated by some for a subset of tRNA frameshift mutant suppressors that shift the reading frame by þ1 nucleotide (33) . The difference between the two mechanisms is that tRNA frameshift mutant suppressors shift the reading frame of elongating ribosomes, whereas the IAPV IGR IRES shifts the reading frame of an initiating ribosome, albeit a ribosome that is initiating directly into the elongation phase from the A site.
Although the in vitro translation system allows relatively high þ1 frame translation compared to 0 frame translation, we had to resort to a very sensitive MRM-MS approach to detect ORFx in virus-infected honey bees (Fig. 6) . It is possible that ORFx is translated only during a specific window of virus infection or that ORFx is inherently unstable (relative to the structural proteins) and is rapidly degraded. However, we show that, like IGR IRESmediated 0 frame translation, þ1 frame ORFx translation is relatively resistant to conditions in which eIF2 or eIF4F activities are compromised in in vitro experiments (Fig. 7) . The stimulatory effect of IRES activity under 4E1RCat treatment is similar to that observed previously (30) and supports the idea that inhibition of cap-dependent translation frees ribosomes for IRES translation. In summary, because both 0 and þ1 frame translation are IGR IRES-dependent, it is likely that both frames are regulated similarly during the viral life cycle, especially when certain initiation factors are compromised. We note that in the insect lysate NSC119889 treatment does not stimulate IRES activity in contrast to that shown in a study using Krebs extract (31) . In RRL, we have also shown that translation mediated by the CrPV IRES and the type II TSV IRES is not stimulated but remains relatively resistant to NSC119889 treatment (20) . Thus, the difference in NSC119889 sensitivity to IRES translation is probably dependent on the experimental system used. It will be of interest to examine these discrepancies on IRES activity in more detail.
IAPV, KBV, ABPV, and SINV-1 IGR IRESs can all mediate ORFx translation, and an ORFx is present in all four viruses; however, SLVI is present only in IAPV, KBV, and ABPV (23) (Fig. 5) . The in vitro experiments showed that the presence of SLVI does not affect the ratio of þ1 frame ORFx and 0 frame ORF2 translation (Fig. 2) . Instead, we show that the integrity and presence of SLVI and part of the downstream ORF2 region moderately increases IGR IRES activity in general (Figs. 2 and 3) . Previous reports have shown that unstructured regions outside of the IGR IRES may help the IRES fold properly and stimulate IRES activity (7, 25) . Similarly, SLVI and the downstream ORF2 region may have a role in assisting in the proper folding of the IRES. The precise role of SLVI in IRES structure and activity are currently being investigated. Mutations (M1 and M2; Fig. 3 ) that are predicted to disrupt the helical stem of SLVI decrease IRES activity. We are currently investigating whether these mutations have an effect on the structure of SLVI specifically or on the IRES structure itself. Interestingly, fusing the UAA stop codon in SLVI in frame with the upstream ORF moderately decreased translation of both upstream and downstream reporter genes (Fig. 2) . This result suggests that translation of both ORFs is negatively coupled. Consistent with this model, when a strong hairpin is inserted in the 5′UTR to inhibit scanning-dependent initiation of the upstream ORF in the reporter construct, translation of the downstream ORF driven by the IGR IRES increases but only when the UAA stop codon is fused in frame with the upstream ORF (Fig. S1) . One model is that ribosomes translating the upstream ORF must unwind SLVI in order to reach the UAA stop codon, which effectively disrupts SLVI, and thus decreases IGR IRES-mediated 0 and þ1 frame translation. Ribosomes encountering SLVI have to unwind a strong helical region-which may induce sufficient pausing to create a ribosome "logjam," thus also leading to a modest down-regulation of translation of the upstream ORF. It is possible that SLVI plays a role in temporal regulation of the translation of the nonstructural and structural proteins during honey bee virus infection. The dicistrovirus ORF1 encodes the nonstructural proteins such as the replicase and protease, which would presumably have to be expressed early during infection for viral replication and protein processing. An interesting scenario would be that translation of ORF1 during honey bee virus infection down-regulates translation of the downstream ORF2, which encodes the structural proteins, as production of the capsid proteins is not needed until virion packaging is required. At later stages of infection, translation of ORF1 may be down-regulated because of factor dependencies of the 5′UTR IRES, which results in the reformation of SLVI and stimulation of IGR IRES-mediated translation of the structural proteins. It has been well-documented that the structural proteins are produced in molar excess over the nonstructural proteins (2, 15, 34) . During CrPV infection in Drosophila S2 cells, translation of the two ORFs does not appear to be temporally regulated (15) . The presence of SLVI in the honey bee viruses may play a role in regulating translation of the different ORFs for optimal total and/or temporal expression of the viral proteins. Alternatively, SLVI may have roles besides translation such as viral replication or RNA stability.
The selective pressure to maintain ORFx in the honey bee viruses strongly indicates a prominent biological function, possibly a role in combating the innate immune response or a direct role in viral translation or replication. ORFx does not have any obvious domains that would hint at its function (23, 24) . It will be of considerable interest to obtain an infectious honey bee dicistrovirus cDNA to determine the role of ORFx during virus infection. RNA viruses have evolved many elegant strategies to optimize the coding capacity of compact genomes via the utilization of overlapping genes whereby one nucleotide sequence codes for two (or even three) different proteins in different reading frames. The controlled expression of multiple overlapping genes may be directed at the pretranslational stage (e.g., via subgenomic RNAs in the nodaviruses), at the stage of translation initiation (e.g., via leaky ribosomal scanning in a number of RNA viruses), or at the stage of translation elongation (e.g., via ribosomal frameshifting as in alphaviruses). The discovery that a subset of IGR IRESs can precisely select alternative reading frames for translation initiation highlights the remarkable strategies that viruses utilize to increase their coding capacity.
Materials and Methods
In Vitro Translation. Dicistronic reporter constructs (1 μg), linearized with XbaI, were incubated in Sf21 extract (Promega) for 2 h at 30°C in the presence of [ 35 S]-methionine (PerkinElmer). Plasmid constructs are described in more detail in SI Materials and Methods. For optimal IRES activity, a final concentration of 0.5 mM MgCl 2 ∕40 mM KOAc was used. Proteins were analyzed by 16% SDS-PAGE and by using a Typhoon imager (Amersham).
MRM Assay. The synthesized peptide was diluted 100-fold by using 0.5% acetic acid, and multiple injections of 1 μL each were used to optimize the fragmentor voltage (0-180 V, 20-V increments) and subsequently the collision energy (5-25 V, 5-V increments; 13-18 V, 1-V increments). Fragment ions with a mass-to-charge ratio (m∕z) greater than the precursor ion m∕z were prioritized, leading to three transitions that were selected for the MRM assay. A fragmentor voltage of 40 V was selected for all transitions, and a collision energy of 15 V was selected for transitions 640.6 → 1038.6 and 640.6 → 668.4 and of 14 V was selected for transition 640.6 → 925.5.
Virus Infection in Honey Bee. Honey bee pupae (approximately 17 d old) injected with a mixture of IAPV, KBV, and ABPV were dissected on ice to separate the head and body. Samples were bead-homogenized in 1% sodium deoxycholate and 50 mM NH 4 HCO 3 at three pulses of 20 s and 6.5 m∕s, followed by incubation at 99°C for 5 min. The lysate was centrifuged at 8;000 × g for 10 min, and the resulting supernatant was further centrifuged at 5;000 × g for 5 min, all at 4°C. The final supernatant was subjected to ethanol precipitation. Proteins precipitated after 1.5 h incubation at RT were collected by centrifugation at 16;100 × g. The protein pellet was resolubilized in 6 M urea, 2 M thiourea, and 100 mM Tris-Cl (pH 8.0), and any insoluble material was subsequently removed by centrifugation at 16;100 × g. Resolubilized proteins were resolved on a 16% SDS gel, and a band corresponding to the molecular mass of ORFx was excised and in-gel digested with trypsin. The resulting peptides were stored on stop and go extraction tips until MS analysis (35) .
Supporting Information
Ren et al. 10 .1073/pnas.1111303109 SI Materials and Methods. Plasmid Construction. Nucleotide numbering within the Israeli acute paralysis virus (IAPV) intergenic region (IGR) internal ribosome entry site (IRES) is based on the IAPV genomic sequence (NC_009025). The stem-loop structure (SLVI)-IAPV IGR IRES-ORF2 (nucleotides 6372-6908) fused in frame with firefly luciferase (FLuc) and IAPV IGR IRES-ORF2 (nucleotides 6399-6908) fused in frame with FLuc fragments were generated by overlapping PCR and inserted into pRΔDEF using the restriction sites EcoRI and XbaI (1). To generate constructs where the stop codon of SLVI is fused in frame with RLuc, an EcoRI site was engineered within RLuc (pEJ321) so that SLVI-IAPV IGR IRES-FLuc could be inserted using restriction sites EcoRI and XbaI. The IGR IRESs of Kashmir bee virus (KBV) (NC_004807) (nucleotides 6381-6908), acute bee paralysis virus (ABPV) (NC_002548) (nucleotides 6296-6814), and Solenopsis invicta virus (SINV-1) (NC_006559) (nucleotides 4189-4797) were synthesized and cloned into the EcoRI and NcoI sites of the monocistronic plasmid pEJ4. Subsequently, the IGR IRES-FLuc fragment was digested using EcoRI and XbaI and subcloned into pRΔDEF to produce RLuc(SLVI)-KBV IGR IRES ORF2-FLuc, RLuc(SLVI)-ABPV IGR IRES ORF2-FLuc, and RLuc-SINV-1 IGR IRES ORF2-FLuc. For all of our constructs, the inactive ΔEMCV sequence was deleted by digesting pRΔDEF with XhoI and EcoRI, filling in and ligating. For all of the IAPV IGR FLuc reporter constructs, the AUG start codon of FLuc was deleted. To create IAPV IGR ORFx-FLuc whereby the ORFx is fused in frame with FLuc, G 6903 was mutated to U, which mutates the stop codon of ORFx UAG to UAU, and a G was inserted at nucleotide 6909 to put the ORFx in frame with FLuc. The full-length IAPV genomic sequence (NC_009025) was synthesized (Operon) and cloned into the pcDNA3.1 vector using restriction sites KpnI and XbaI. For all mutations described, specific mutations within the reporter or full-length IAPV cDNA were created by using a site-directed mutagenesis protocol (Stratagene) and confirmed by sequencing. To create the hairpin structure upstream of RLuc, the sequence 5′-CTGCAGCCAC-CACGGCCCAAGCTTG GGGGCCGTGGTGGCTGCAG-3′ (ΔG ¼ −41 kcal∕mol) was inserted into the NheI restriction site located upstream of RLuc (2).
Northern Blot Analysis. RNA was isolated using TRIzol reagent (Invitrogen). Equal amounts of RNA were separated on formaldehyde-containing agarose gel and transferred to Zeta-probe blotting membrane (Bio-Rad). Radiolabeled DNA hybridization probes were generated using a RadPrime kit (Invitrogen).
Western Blot Analysis. Proteins separated by SDS-PAGE were transferred to a PVDF-FL membrane (Millipore). Blots were blocked for 1 h in 5% skim milk and Tris buffered saline (20 mM Tris, 150 mM NaCl, 0.1% Tween-20). Antibodies used were as follows: affinity-purified IAPV ORFx peptide rabbit polyclonal antibody (raised against the IAPV ORFx peptide sequence C-SLRPLVKTRLR PKKC-NH 2 ; GenScript) (1∶500), affinitypurified IAPV VP2 peptide rabbit polyclonal antibody (raised against the IAPV VP2 peptide sequence C-NTMPGDSQQE-SNTPC-NH 2 ; GenScript) (1∶500), anti-Luciferase (Promega) (1∶1;000). Primary antibodies were detected using either IRDye 800CW goat anti-rabbit IgG (LI-COR Biosciences) at 1∶10;000 at room temperature for 1 h, and subsequently scanned using an Odyssey imager (LI-COR Biosciences), or using a 1∶10;000 dilution of donkey anti-goat IgG-horseradish peroxidase (Promega) and subsequently detected by enhanced chemiluminescence (Millipore).
Peptide Synthesis. A synthetic peptide with the sequence LQIG-SIPPWLR was synthesized at a 5-μmol scale using Fmoc (9-fluorenylmethoxycarbonyl) chemistry with a MultiPep 96-well plate peptide synthesizer (Intavis AG). Fmoc amino acids (EMD4-Bioscience) were conjugated to Fmoc-Arg(Pbf)-HMP resin (Anaspec Inc.). Subsequent amino acid residues (in 600 mM stock solutions) were double coupled with 20% piperidine as deprotector and 1-hydroxybenzotriazole, O-(Benzotriazol-1-yl)-N, N,N′,N′-tetramethyluronium hexafluorophosphate as the activator. The cleavage was performed with 92.5% (vol∕vol) trifluoroacetic acid, 5% (vol∕vol) triisopropyl silane, and 2.5% (vol∕vol) water. The peptides were ether-precipitated and resolubilized in 1 mL of 0.5% acetic acid.
Mass Spectrometry. All peptide samples were analyzed on a triple quadrupole mass spectrometer (6460; Agilent Technologies) equipped with an HPLC-Chip Cube system (Agilent Technologies) operated in selected ion and product ion mode [generation of the multiple reaction monitoring (MRM) assay] or MRM mode (honey bee samples). In all experiments, Q1 and/or Q3 operated at unit resolution (0.7 m∕z full width at half height). For the generation of the MRM assay, a ProtID-Chip-43 (II) was used containing a 40-nL trap column and a 43-mm analytical column (G4240-62005; Agilent Technologies) and the trapping of the peptides was performed at 4 μL∕ min using solvent A (3% acetonitrile in 0.1% formic acid) only. Analysis was performed using a flow rate of 600 nL∕ min with a gradient of 10-40% solvent B (90% acetonitrile in 0.1% formic acid) in 2.5 min. Honey bee samples were eluted from stop and go extraction tips with 20 μL of 80% acetonitrile in 0.5% acetic acid, vacuum-dried, and reconstituted in sample buffer (1% trifluoroacetic acid and 3% acetonitrile in 0.5% acetic acid) and were injected (4 μL∕ min, solvent A) onto a large capacity chip (II) consisting of a 160-nL trap column and 150-mm analytical column (G4240-62010; Agilent Technologies). Chromatographic separations were performed using a flow rate of 300 nL∕ min with a gradient of 5-20% solvent B in 20 min and 20-35% in 14 min. Each transition was monitored for 333 ms leading to a total duty cycle of 1 s. Validation of the peptide identity was performed by comparing the relative peak area of each of the three transitions to the relative area of the transitions of the synthetic peptide.
RT-PCR. RNA was extracted from mock-infected and virusinfected honey bees and subjected to RT-PCR using the following primers as described (3) .
IAPV: 5′-AGACACCAATCACGGACCTCAC -3′, 5′-AGA-TTTGTCTGTCTCCCAGTGCACAT -3′;
KBV: 5′-GTTTCTATGCAAATCGCA -3′, 5′-CCATCCAG-GCACATTCTG -3′; ABPV: 5′-GGAACATGGAAGCATTATTG -3′, 5′-AATG-TCTTCTCGAACCATAG -3′. A representative SDS-PAGE of radiolabeled protein products detected by autoradiography is shown. In parallel, reactions were subjected to Northern blotting using a probe specific to the reporter RNA. (C) Quantitation of radiolabeled protein products normalized relative to the dicistronic reporter construct containing the wild-type IAPV IGR IRES. Averages are shown from at least three independent experiments AE SD. A representative SDS-PAGE of radiolabeled protein products detected by autoradiography is shown. Mutations that affect 0 and þ1 frame translation are indicated. Although ORF2 is translated as a polyprotein, only the capsid, VP2, is detected which represents 0 frame translation. In parallel, reactions were subjected to Western blotting using anti-VP2 and anti-ORFx antibodies and to Northern blotting using a probe that hybridizes to the IAPV IRES. Quantitation of radiolabeled protein products normalized relative to the CrPV dicistronic reporter is shown below each gel. The asterisk denotes a nonspecific translation product. The average from at least three independent experiments AE SD is shown. In parallel, reactions were subjected to Western blotting using VP2 and ORFx peptide antibodies and to Northern blotting using a probe specific to the reporter RNA. The 0 frame S1 stop denotes replacement of the 0 frame GGC start codon of the IAPV IGR IRES with a UAG stop codon. In parallel, reactions were subjected to Western blotting using an anti-FLuc antibody. ext: Extract alone, reaction containing no dicistronic reporter.
